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Page 15, figure 7(b): In the ordinate scale the numbers .92 and .88 should be .93 a n d .  89. 
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.96. 

Page 21, figure 9(d): The symbols for  nozzle p re s su re  ra t io  should be  Pc/po. 

Page 27, figure 15: The abscissa  scale should read 60, 80, 100, 200, 300, 400, 600, 
800. 
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PERFORMANCE OF ANNULAR PLUG AND EXPANS ION-DEFLECTION 

NOZZLES INCLUDING EXTERNAL FLOW EFFECTS AT 

TRANSONIC M A C H  NUMBERS 

by Robert  A. Wasko 

Lewis Research C e n t e r  

SUMMARY 

An experimental investigation was made of the performance of annular plug and 
expansion-deflection (E-D) nozzles, and included the effects of external flow at Mach 
numbers from 0. 56 to 2. 0. The effects of base bleed were also studied, as well as 
geometry variations that included plug length and nozzle internal expansion. The full-
length plug nozzle provided a nearly constant and optimum quiescent performance, 
whereas the E-D nozzle performance was only comparable with that of a conical 
convergent-divergent (C-D) nozzle. Thus, the plug nozzle was altitude compensating, 
whereas the E-D nozzle was not. The efficiency of the plug nozzle ranged from 98.4 
percent at a pressure ratio of 68 (corresponding to sea-level altitude) to 99 percent at the 
design pressure ratio of 290. Efficiencies of the E-D and C-D nozzles were, respective
ly, 92.3 and 92. 6 percent at  s ea  level, and 97.6 and 97.8 percent at  the design point. 
Truncation of the plug nozzles with internal expansion to a nominal 21, 10, and 0 percent 
of the full plug length resulted in decreased nozzle performance that varied from 96.4, 
95.3, and 94.9 percent at sea  level to 98.3, 97.0, and 96. 8 percent, respectively, at the 
design point. Base bleed, i n  corrected amounts as small  as 1. 5 percent of the primary 
flow, produced improvements of the truncated plug nozzles with internal expansion, such 
that even the 0-percent-length plug nozzle (i. e. , fully truncated) had a performance that 
was better than or comparable with that of a C-D nozzle. However, the E-D nozzle per
formance was improved only at pressure ratios above design. Elimination of both the 
internal expansion and the external plug surface resulted in poor nozzle performance, 
even with secondary flow. External flow effects were small  and confined to a limited 
Mach number range. The maximum loss  in performance was approximately 2. 5 percent 
of the nozzle ideal thrust and occurred below Mach 1.0. Secondary flow reduced the 
performance loss  to  as little as 1.75 percent of ideal thrust. 



A 

INTRODUCTION 


In recent years, various nozzle concepts have been proposed for  advancing the tech
nology of rocket propulsion systems. Application of this advancement to future boost 
vehicles may produce improvements i n  payload capability as well as reductions in  mission 
costs. Particular emphasis has been placed on obtaining near optimum nozzle perfor
mance over a wide range of flight conditions since conventional convergent-divergent 
(C-D) nozzles, currently used for  booster or upper-stage application, exhibit inherent 
decrements i n  performance at off-design conditions. 

The plug nozzle and expansion-deflection (E-D) nozzle are advanced concepts that 
attempt to achieve this off-design improvement by f ree  expansion of the nozzle flow to 
ambient conditions. The distinction between the plug and the E-D nozzle l ies in  the 
method of freely expanding the nozzle flow (see fig. 1). In the case of a plug nozzle, the 

Nozzle-exit 
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(a) P lug  nozzle. 

,-Internal expansion fan 
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' I 
Effective nozzle-
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,-Nozzle s h r o u d  A 
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( b) Ex pansi o n-de f Iect ion nozz Ie. 

F igure  1. - A n n u l a r  plug and expansion-deflectioii nozzle concepts. 
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free-expansion boundary is external to the nozzle, and a centerbody or plug transmits 
the pressure forces. For  the E-D nozzle, the free-expansion boundary is inside the 
nozzle, and a shroud transmits the pressure forces. The propulsion system may take 
the form of convergent-divergent (C-D) thrusters clustered around a centerbody or  an 
integration of this cluster into a single annulus o r  a modular annulus (see refs. 1and 2 
for a more complete description of these conceptual variations. ). 

This report  presents the results of an experimental study concerning the performance 
of annular plug and E-D nozzles. The study w a s  a continuation of work previously done 
at the Lewis Research Center (ref. 3). Models that used dried air at a chamber pressure 

* 	 of 1000 psi (6.895xlO 6 N/m 2 ) were tested for quiescent performance in the 10- by 10
foot (3.05- by 3.05-m) supersonic wind tunnel of the Lewis Research Center utilizing the 
altitude variation capability of this facility. External flow effects were studied in the 

I 
transonic test section of the 8- by 6-foot (2.44- by 1.83-m) supersonic wind tunnel of the 

I 
I 	 Lewis Research Center. Mach numbers ranged from 0.56 to 2.0. Geometry variations 

included plug length and internal expansion. The effects of base bleed were also studied. 

SYMBOLS 

A nozzle- exit a r ea  


Aeff effective nozzle-exit a r ea  


A* nozzle-throat a r ea  

I 

cD drag coefficient, D/Pc A* 


cF thrust coefficient, F/Pc A* 


D drag 


F measured nozzle thrust 


Fi ideal thrust of primary-plus secondary-nozzle flow 


A F  decrement of thrust  


h altitude 

Mach number at nozzle exit 

Mlip Mach number at l ip station 

MO f ree-s t ream Mach number 

pC 
nozzle total pressure 

43 average base pres  su re  

3 



po free-s t ream static o r  ambient pressure 

total temperature of primary flow 

Ts total temperature of secondary flow 

WP primary weight flow 

ws secondary weight flow 

Y ratio of specific heats 

APPARATUS 

Thrust  and Flow Measuring Systems 

The models were strut mounted in both test facilities, as shown in figure 2 �or the 
full-length isentropic plug nozzle configuration. A schematic drawing of the model in
ternal  geometry and the thrust  measurement system is shown in figure 3. The model 
external shell was grounded and was supported from the tunnel ceiling by a hollow, ver
tical strut. The nozzle portion of the model was attached to the primary and secondary 
air bottles, which were cantilevered by flow tubes from supply manifolds located outside 

FigureP. - Full-length plug nozzle mounted in 8- by 6-footwind tunnel. 
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Forward support  bearing1 Rear support  bearing’I
I I s t r u t  

Model 0.0 in. 96.0 in. CD-9445 
stat ion (244 cm) 

F igure  3. - Schematic of model i n t e r n a l  geometry and t h r u s t  measur ing  system. 

the test  section. Front and r e a r  bearings supported the primary air bottle. The secon
dary air line, which passed through the plug, w a s  supported by s t ruts  attached to the 
nozzle outer shroud. Thus, the nozzle axial force, including secondary flow effects, 
was transmitted to the load cell in the nose of the model shell. Since the floating part  of 
the model included a portion of the forward section of the afterbody and the boattail, the 
measured axial force represented the installed nozzle value of thrust minus drag. 

A static calibration of the thrust measuring system w a s  obtained by applying a known 
force to the nozzle and measuring the output of the load cell. To minimize changes in  the 
calibration due to variations in temperature (e. g., aerodynamic heating due to external 
flow), the load cell was surrounded by a water-cooled jacket and w a s  maintained at a 
constant temperature. 

As indicated by figure 3, primary and secondary flow rates were  obtained by means 
of standard ASME flow-metering orifices located in the external supply lines. The total 
pressure of the primary and secondary air at the nozzle station was calculatedfrom the 
continuity equation, the measured weight flow, and the static pressure and temperature 
measurements located within the air bottles as shown. 
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Nozzle Geometry 


Nozzle geometry details are presented in figure 4. All nozzle configurations tested 
were based on the following design criteria: A full-scale vehicle, typical of a post-
Saturn booster, was assumed to be approximately 75 feet (22.9 m) in diameter with a 

8takeoff thrust of approximately thirty million pounds (1 .33~10 N). The propulsion sys
tem would have a chamber pressure of 1000 psia (6 .895~106 N/m 2), and the products of 
combustion would have a ratio of specific heats y of 1.2. With most of the advanced 
nozzle concepts, internal expansion would be utilized to expand the flow to ambient pres
su re  at sea  level (Pc/po = 68). It would be desirable to use the entire base a rea  of the 
vehicle for external expansion. However, this cannot be done with plug nozzles because 
of the inherent boattail surface. Therefore, i t  was assumed that only 80 percent of the t 

F 

Oin.  i o c m  Oin. in. cm 
0 

2.963 7.53 .463 1.176 
3.xx) 8.89 .552 1.402 
4.000 10.16 .633 1.608 
4.500 11.43 .715 1.816 
5.000 12.70 ,800 2.032 
5.500 13.97 ,896 2.275 
6.000 15.24 .989 2.512 
6.500 16.51 1.081 2.748 
7. 000 17.78 1.178 2.992 
7.500 19.05 1.281 3.255 
8.ooO 20.31 1.389 3.522 
8.500 21.58 1.507 3.830 
9.000 22.87 1.631 4.144 
9.500 24.13 1.763 4.479 
0.250 26.03 1.987 5.048 
3.074 33.21 
3.500 34.30 I t . . - 9. . j5 

.811 9.680 
4.000 35.58 .92C 9.970 
4.500 36.83 ,024 10,022 
5.000 38. 11 ,092 10.39 
5.500 39.38 .12c 1 0 . 4  
6.000 40.65 I \ .076 10.35 
6.344 41.50 3.804 9.66 Nozzle 

13.074 10.25 
.604 9.155 

.43c 8.710 

(33.2081

1 
(26.03)

I r7.62 diam 0 

,886 9.865 station 

i- number at l ip Axial 

7 from plug tip, X Mach numbpr 
A7--T at nozzle exit , 

( 1 3 ,  G9) ~ 

M,,it, 4.50 

r 
9' 

(a)  Full-length isentropic plug nozzle. 
Figure 4. - Nozzle geometry details. A l l  dimensions are i n  inches (cm). 
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TD iam,  5/16 
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4.879 
0 ooo(12.39) @
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L2.94(7.47) d iam 

21-Percent  p lug  length 10-Percent  p lug  length Typical perforateo 
base plate 

( b )  Truncateu p lug  nozzles. Exit plane of 0-percent  p lug  locateu at stat ion 13.U74 inches 
(3?.21r8 cm). 

,039 ,099 

.052 ,131 3.510 8.920 

,077 .196 3.570 9.070 - Rad, 0.22 (0.56) 

. 108 .274 3.665 9.280 


Rad, 0.09 (0.23) 

t 

71.8"Y 
(c) 0-Percent- length p lug  nozz le w i t h  no  i n t e r n a l  expsnsion. 

F igure 4. - Cont inued.  
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X 
R1 I .  

in. cm in. 1 cm I-in. cm I in. I cm I 
0 0 4.250 10.79 6.108 15.52 2.075 5.276 
1.7 4.32 4.101 10.41 6.510 16.53 1.974 5.015 
2.1 5.335 4.062 10.31 6.912 17.55 1.886 4.791 
2.5M 6.36 4.012 10.19 7.314 18.56 1.812 4.603 
2.896 7.355 3.950 10.09 7.715 19.59 1.757 4.463 
3.136 7.97 3.902 9.91 8.116 20.60 1.718 4.363 
9.593 24.38 2.202 5.60 8.518 21.61 1.712 4.350 
9.791 24.88 2.451 6.23 8.920 22.65 1.746 4.437 
9.944 25.27 2.726 6.92 9.322 23.68 1.846 4.690 

10.108 25.68 3.122 7.93 9.724 24.70 2.078 5.275 
10.438 26.49 3.452 8.77 9.969 25.31 2.256 5.730 
10. 768 27.34 3. X M  8.89 10.258 26.10 2.386 6.060 
11.550 	 29.32 3.500 8.89 10.418 26.46 2.438 6.195 

10.634 27.00 2.450 6.220 
11.550 29.35 2.450 6.220 

Nozzle Nozzle 
station station 
6.108 0 

(15.5141 

r c e n t e r b o d y  support 

I (10.16) I 

(d I Expansion-deflection nozzle. 

Nozzle 
station 

0 15" 

in. cm I 
3.7 9.40 8.5 
1.038 2.64 (21.60
,914 2.32 

1.832 3.65 
!.75 6.98 
!.75 6.98 

(e) Convergent-divergent nozzle. 

Figure 4. - Concluded. 

base could be used for external expansion, resulting in a design total- to ambient-
pressure ratio of 290. 

The model was 8. 5 inches (21,6 cm) in diameter, which is approximately 1 percent 
of full scale. Since cold air (y = 1.4) was used fo r  the nozzle flow, the full-scale y 

could not be simulated. Instead, the model internal and overall area ratios were selec
ted to match the design pressure  ratios of the full-scale vehicle (i.e. , P,/po = 68 for  the 
internal expansion and P,/po = 290 for the overall area ratio). Thus, the cold-flow 
nozzle area ratios were substantially less than those of the assumed vehicle. 

Details of the full-length isentropic plug are shown in figure 4(a). Internal expan
sion, assumed for  the full-scale vehicle, was provided to reduce the nozzle pressure 

N/m2) in  the chamber to 14.7 psia (1 .013~105 N/m 2) at thefrom 1000 psia ( 6 . 8 9 5 ~ 1 0 ~  


nozzle exit for sea-level takeoff (Pc/po = 68). The resultant internal area ratio was 6.3,  

and the average Mach number at the lip, station 13.074 inches (33.208 cm), was 3.42. 
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concept that attempts to utilize the base pressure phenomenon to compensate for  the 
elimination of both the plug surface and the internal expansion. The nozzle flow is Ms
charged at sonic velocities and expanded through an a rea  ratio of 16. 56, based on the 
projected lip diameter. Since the flow must be axial at the design point, as was  noted 
for the full-length plug, the inclination of the throat was fixed at an angle of 71. 8' to the 
centerline. For  a sonic discharge velocity, this throat inclination results in  a steep 
boattail angle, also 71. 8'. When compared with the 15O-boattail angle of the other trun
cated plug nozzles, it is evident that internal expansion can provide low boattail angles to 
minimize external drag. (Nozzle coordinates for this configuration a r e  presented in fig. 
4(c). ) The secondary bleed flow passage was identical to that of the truncated plug. 

Details of the E-D nozzle a r e  shown in figure 4(d). The E-D nozzle features a cylin
drical  afterbody. The boattail a rea  of the plug nozzle is eliminated but appears as the 
center base a rea  in the E-D nozzle. Internal expansion again was provided to reduce the 
nozzle pressure from 1000 psia (6.895X10 6 N/m 2 ) in  the chamber to 14.7 psia (1.013X10 5 

N/m 2 ) at the discharge of the internal expansion, station 6.108 inches (15.52 cm). The 
parabolic contour of the internal expansion was determined by the approximate technique 
of reference 4 (as was done for the plug nozzles) to provide uniform parallel flow at the 
discharge. A s  ambient pressure decreases, the flow expands externally about the lip of 
the discharge. The parabolic internal contour of the skirt ,  also determined by the tech
nique of reference 4, cancelled the emanated expansion fan so  that uniform parallel flow 
resulted at the exit plane for the same pressure ratio (Pc/po = 290) as that of the plug 
nozzle. (Coordinates for the contours of both the internal and external expansion sur 
faces a r e  presented in fig. 4(d). ) The corresponding a r e a  ratio of the E-D nozzle 
(A/A* = 16.56) was  physically equal to the ratio of the annular exit a r e a  to the throat 
area,  where the annular a r ea  is that between the projected lip diameter at the discharge 
of the internal expansion and the maximum model diameter (see. fig. 1). Since the effec
tive exit a rea  of the E-D nozzle includes the center base area,  a higher effective a rea  
ratio of 21.33 is achieved, Thus, the E-D nozzle makes use  of the entire base of the 
vehicle for the expansion of the jet, consequently, the effective design pressure ratio of 
the E-D nozzle would be higher than that of the plug nozzle, Pc/po = 420 as compared 
with Pc/po = 290. 

The discharge angle of the secondary flow passage is analogous to the boattail angle 
of the plug nozzle. The discharge angle was determined from considerations previously 
mentioned in the discussion of the plug nozzle boattail and was nominally 15'. 

The C-D nozzle, shown in figure 4(e), was  a conical nozzle with a 15O-discharge 
angle, designed �or the same area  ratio as the plug nozzles, 16. 56. The C-D nozzle was 
tested to provide a reference for the relative performance of the advanced nozzles. 
Furthermore, it was  used to check the model thrust and weight flow measuring systems 
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(c) 0 -Percent  p lug length w i th  n o  i n t e r n a l  (d) Expansion-deflection nozzle. 

ex pan s ion . 

Figure 5. - Boattail and base ins t rumen ta t i on  details. All d imens ions  are in inches (cm). 
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I
since the theoretical performance of the C-D nozzle could be predicted by established 
techniques. Coordinates a r e  pmsented in figure 4(e). 

Boattail and base-plate instrumentation details are shown in figure 5. The boattail 
instrumentation (fig. 5(a)) was common to all plug nozzle configurations with internal ex
pansion. It consisted of s ta t ic  pressure orifices located on the top, bottom, and side of 
the boattail surface. These orifices were used to yield the boattail drag by pressure-
area integration. Static pressure orifices on the base o r  l ip of the boattail surface gave 
the nozzle lip pressure for  determining the overexpansion loss of the nozzle as well as 
the pressure force, called lip drag. 

Pressures  on the base of the truncated plug were determined from orifices located at 
positions shown in figures 5(a) and (b) f o r  the 10- and 0-percent plug lengths, respective-

I 

ly. Base pressures  were not obtained f o r  the 21-percent length. Base pressure instru- t 

mentation for the 0-percent plug length without internal expansion and for the E-D nozzle 
is shown in figures 5(c) and (d), respectively. For the E-D nozzle, the pressure orifices 
were located on the perforated base plate. 

PROC EDURE 

A trajectory, typical of the post-Saturn vehicle assumed for the nozzle design, was 
used to determine the model nozzle total- to ambient-pressure ratio (hereinafter called 
the nozzle pressure ratio), as a function of Mach number. This trajectory is presented 
in figure 6 along with the resultant schedule of the nozzle pressure ratio. The model 
quiescent performance was obtained in the 10- by 10-foot (3. 05- by 3.05-m) supersonic 
wind tunnel. This facility has the capability of quiescent altitude variation from sea  level 

0 . 4  . a  1.2 1.6 2.0 
Free-st ream Mach number ,  M o  

Figure 6. - Assumed vehic le t ra jectory  and nozzle pres
s u r e  rat io schedule. 
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to 60 000 feet (18.3 km). The nozzle chamber pressure was maintained at 1000 psia 
(6. 895x106 N/m 2) with exceptions to be noted, and the tunnel pressure was  varied to 
obtain nozzle performance over the desired range of pressure ratios. Performance with 

P 


external flow was  obtained in  the transonic test section of the 8- by 6-foot (2.44- by 
1.83-m) supersonic wind tunnel, which has an altitude variation with Mach number lower 
than that of the assumed trajectory. Therefore, the nozzle chamber pressure was in
creased s o  that the nozzle performance could be obtained at the appropriate pressure 
ratio for free-stream Mach numbers of 0. 56, 0.80, 1.00, 1. 37, and 1.97. 

RESULTS AND DISCUSSION 

Quiescent Performance With No Secondary Flow 

Nozzle quiescent performance without secondary flow is presented in figure 7. The 
ratio of measured thrust to ideal thrust F/Fi (hereinafter called nozzle efficiency) is 
plotted as a function of the nozzle pressure ratio. The ideal thrust was based on the 
measured primary weight flow and the nozzle pressure ratio. When secondary flow was 
used, the ideal thrust also included the ideal thrust of the secondary flow, based on the 
measured secondary weight flow and the computed secondary total- to ambient-pressure 
ratio. 

The performance of the 15°-conical C-D nozzle is shown in figure 7(a). Maximum 
data scat ter  observed was about +O. 5 percent and is an indication of the data repeatability. 
The curve through the data is a semitheoretical prediction of the nozzle performance. 
The shape is determined by the theoretical overexpansion and underexpansion losses; 
however, the level has been adjusted to match the measured performance at  the design 
point. At off-design pressure ratios, the measured data agree well with the calculated 
trend. A s  expected, the maximum efficiency occurred at the design point (Pc/po = 290), 
and the mean value w a s  0.978. The theoretical divergence loss for the 15°-conical C-D 
nozzle is 0.017, and the resultant theoretical maximum efficiency is 0.983, neglecting 
friction. The measured nozzle efficiency agreed substantially with the theoretical value, 
which indicates the accuracy of the measured data. 

The performance of the full-length plug nozzle is presented in figure 7(b). Data for 
pressure ratios of less  than 68 were obtained at reduced chamber pressure. Semitheo
retical performance curves are presented for C-D nozzles with a rea  ratios of 6.3 and 
16. 56 and were calculated by the same method used for the C-D nozzle in figure 7(a). The 
experimental data agree wel l  with the calculated curves. Qualitatively, therefore, it 
appears that the plug nozzle performance at low pressure ratios is s imilar  to that of a 
C-D nozzle with the same area ratio as the plug nozzle internal expansion. At high pres

13 




Sure ratios, the performance is similar  to that of a C-D nozzle with an a r e a  ratio equal 
to the plug nozzle overall area ratio. The transition from one curve to the other occurs 
in the region of nozzle pressure ratios where the relative significance of external expan
sion increases. Quantitatively, the plug nozzle performance was better than the perfor
mance of the C-D nozzle (presented in fig. 7(a)) at all nozzle pressure ratios. The most 
significant difference in  performance occurred between sea  level and the design pressure  
ratio of 290. For  example, at Pc/po = 68, the plug nozzle efficiency was 0.984 and the 
C-D nozzle efficiency was 0.928. At  Pc/po = 290, the plug nozzle efficiency was  0.99, 
whereas the C-D nozzle efficiency was 0. 978. This higher efficiency of the plug nozzle at 
high pressure ratios can be attributed to the elimination of any divergence loss. It can be 
seen that the plug nozzle has a nearly constant and optimum performance at all altitudes 
and provides the desired altitude compensation. 

The performances of the truncated plug and E-D nozzles a r e  presented in figure 7(c). 
Dashed lines a r e  semitheoretical performance curves for the C-D and full-length plug 
nozzles repeated from figures ?(a) and (b). Symbols denote the measured performance of 
truncated plug and E-D nozzles. Plug truncation tended to decrease the plug nozzle per
formance, and this decrement increased with increasing amounts of plug truncation. The 
performance of the 21-percent plug nozzle was greater than that of the C-D nozzle a t  all 
pressure ratios, but was l e s s  than that of the full-length plug. Measured nozzle efficien
cy was 0.983 at  the design pressure  ratio and 0.964 at sea  level. The performances of 
the 10- and 0-percent plug nozzles were nearly comparable and were less  than the C-D 
nozzle performance, except near s ea  level. Measured nozzle efficiencies were 0.970 
and 0. 968 at  the design pressure ratio for  the 10- and 0-percent plug nozzle, respective
ly, whereas at  s ea  level the efficiencies were 0.953 and 0.949. Obviously, pressures  in 
the base of the truncated plugs compensate to some extent for  the loss in plug surface, 
and in the case of the 21-percent plug, the resultant nozzle performance was nearly com
parable with that of the full-length plug. However, in the case of the 0- and 10-percent 
plug lengths, significant losses occurred. 

Elimination of the internal expansion resulted in a poor nozzle performance; in fact, 
the 0-percent plug nozzle without internal expansion was not even comparable with the 
C-D nozzle. The nozzle efficiency at  s ea  level was  0.847 and the efficiency at the design 
pressure ratio was 0. 898. Evidently, the base pressure forces do not adequately com
pensate for the losses incurred by eliminating both the plug surface and internal expan
sion. The high discharge angle inherent in this configuration requires that the nozzle 
flow turn to an axial direction through an oblique shock. Presumably, nozzle performance 
could be improved by utilizing a partial plug to turn the flow. 

The E-D nozzle performance was generally comparable with that of the C-D nozzle 
rather than with that of the full-length plug. Evidently, the E-D nozzle was not altitude 
compensating. Below Pc/po = 290, the E-D nozzle performance w a s  l e s s  than that of the 
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C-D nozzle, but at higher nozzle pressure ratios, the E-D performance was greater. 

This apparent gain is due to the fact  that the effective design point of the E-D nozzle 

(previously discussed in  the section Nozzle Geometry) is higher than the design point of 

the C-D nozzle. A comparison was made of the E-D nozzle performance with that of a 

C-D nozzle having an  a r e a  ratio of 21.33 (not presented herein). The 21.33-C-D nozzle 

performance was calculated by the semitheoretical method used for  the 16. 56 C-D 

nozzle; the measured efficiency of the E-D nozzle at Pc/po = 420 was assumed as the 

design point efficiency of the 21.33 C-D nozzle. The E-D performance was generally 

comparable with that of the 21. 33 C-D nozzle, except near s e a  level, where the E-D 

performance was  higher. However, a 21.33 C-D nozzle may be separated near s e a  level, 

and the actual performance would be higher than calculated, making the E-D and 21. 33 

C-D nozzles more comparable. r 


A comparison of base pressures  for the truncated plug nozzles (with and without 
internal expansion) and for  the E-D nozzle is shown in figure 8 for the case of no secon
dary flow. Average base- to ambient-pressure ratio is plotted as a function of nozzle 
pressure ratio. The base pressure of both nozzle types results from the same phenom
enon, the flow field established by recirculation of the annular nozzle exhaust flow, Yet, 

Nozzle conf igura t ion  

3 0-Percent p lug  length  
u IO-Percent ptug length  
./ Ex pans ion  -def Iect i o n  nozz Ies 
:- 0-Percent plug length  w i t h  

n o  i n t e r n a l  expansion 

60 80 100 200 400 
Nozzle total- to ambient-pressure ratio, Pc/po 

F igure  8. - Comparison of base pressures  for  trun
cated p lug  a n d  expansion-deflection nozzles w i t h  
n o  secondary flow. 
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the variation with nozzle pressure ratio is significantly different. Base pressures  for  
I the truncated plug nozzles were always greater than ambient pressure.  Hence, the re

sultant base force adds to  the nozzle thrust. 
The O-per cent plug without internal expansion had significantly higher base pres

su res  than those for  the o ther  truncated plug nozzles, which is a result  of the high dis
charge angle of the configuration. However, as shown in  figure 7( c) the resultant base 
force did not compensate for eliminating the plug and internal expansion. In contrast, 
base pressures  for  the E-D nozzle were always less than ambient; hence, the resultant 
force represents a drag  and reduces the nozzle thrust. Furthermore,  since the nozzle 
flow expands to base pressure  ra ther  than to ambient pressure,  the nozzle shroud pres
su res  overexpand, resulting in reduced efficiency. Clearly, base drag and overexpansion

* are responsible for  the lack of altitude compensation in the E-D nozzle. 
I The variation of E-D nozzle base pressure can be explained as follows. At nozzle 

pressure ratios near sea level, the annular nozzle flow ac ts  as an  ejector and aspirates 

i 	 the base, producing base pressures  less  than ambient. A s  ambient pressure decreases 
(increasing nozzle pressure  ratio), jet expansion results in a stronger recirculated flow 
field and in a decrease in base aspiration. Thus, for Pc/po ;. 135,  the base pressure 
ratio increased with nozzle pressure  ratio. At some nozzle pressure ratio, the base will 
become pressurized and the base pressure wil l  exceed ambient, resulting in a gain in 
E-D performance due to base thrust. This nozzle pressure ratio was apparently higher 
than those tested. 

The effective design pressure ratio of the E-D nozzle would be defined as that noz
zle pressure ratio above which the base pressure remains constant. Above this nozzle 
pressure ratio, an increase in base pressure ratio results from a decrease in ambient 
pressure,  and the curve of the base pressure ratio is characterized by a straight line 
with a slope of 1. 0. When this condition exists, the base flow field is said to be 
I t  choked. t t  The E-D curve indicates that this choking condition was not the case for the 
range of nozzle pressure ratios tested. The performance curve (fig. 7(c)) substantiates 
these test  results,  in that it apparently had not peaked. 

Quiescent Performance With Secondary Flow 

The variation of nozzle quiescent performance with secondary flow is shown in fig
u re  9 for both the open and perforated base. The nozzle efficiency is plotted as a function 
of the corrected secondary-to-primary weight flow ratio (Ws/W P) d v .  The paramet-P 
r ic  variation with nozzle pressure  ratio is shown also. Since the pr imary and secondary 
air were at the same temperature during the model test, Ts/T P = 1 and the corrected 
weight flow ratio was numerically equal to the actual weight flow ratio. Nozzle perfor

17 

I 




-- 

mance for  the 21-percent plug is presented in figure 9(a). In general, small  amounts of 
secondary flow [ ( W s / W p ) , / m  < 0.023 improved performance at pressure ratios less  
than design. Larger  amounts of bleed resulted in a decreasing trend, particularly for  the 
perforated base configuration. Furthermore,  the performance of the perforated base 
configuration with large flow rates  was generally lower than that of the open base over 
the entire range of nozzle pressure  ratios. 

Performance of the 0- and 10-percent plug nozzles is presented in figure 9(b). Sec
ondary flow increased nozzle performance for  both configurations and had more  effect 
than was seen for the 21-percent plug nozzle. Small amounts of bleed again produced the 
largest  increase in performance, and large amounts of secondary flow resulted in a de
creasing trend. 

The performance of the 0-percent plug nozzle without internal expansion is presented F 

in figure 9(c). A s  was noted for the configurations with internal expansion, small 
amounts of bleed increased nozzle performance. However, for  both the open and perfo
rated base, increasing secondary flow rate  resulted in a generally increasing efficiency 
over the full range of secondary flow rates rather than in peaking at low flow rates. Noz
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(a) 21-Percent- length isen t rop ic  plug. 

F igure  9. - Nozzle quiescent performance wi th secondary flow. 
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zle efficiencies for the perforated base were generally less than those for the open base, 
particularly for large flow rates. 

The performance of the E-D nozzle is shown in figure 9(d). For the open base con
figuration, secondary flow generally increased nozzle efficiency over the full range of 
flow ra tes  and nozzle pressure  ratios. However, large flow rates for the perforated 
base resulted in decreasing nozzle performance and in  lower efficiencies than those of 
the open base. 

A comparison of the quiescent performance of truncated plug and E-D nozzles as af
fected by a small  amount of secondary flow is presented in figure 10. Nozzle efficiencies 
were determined from figure 9 for (Ws/W 

P
) d v= 0.015. It was assumed that on the

P 

8 I 8 I 
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0
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m 
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Corrected secondary-to-pr imary weight flow ratio, (w,/wP) 

(b)0- a n d  10-Percent - length  isentropic p lug  nozzles w i t h  open base. 

F igure  9. - Cont inued. 
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full-scale vehicle the turbopump exhaust would be utilized as the secondary flow and that, 
for large thrusters  of the F-1or  M-1 class,  the corrected secondary-to-primary weight 
flow ratio is typically 0.015. A s  expected, this small  amount of secondary weight flow 
increased the performance of all configurations. The performance of the 21-percent plug 
nozzle was more comparable with that of the full-length plug, and the performance of both 
the 0- and 10-percent plug nozzles was greater than o r  comparable with that of the C-D 
nozzle. However, the performance of the 0-percent plug nozzle without internal expan
sion, although improved, could not compare with that of the C-D nozzle. Referring to 

.92 . 9 4  

.90 . 9 2  7-
I 

~ I 
.aa . 90  I 

I 

Base 

.86 .aa 0 Open E 

_ - _ - Impl ied t r e n d  

.84 . a6  : i I l ' l I I l 1 l  

.-
Y 

u_ 


m 

I 
I 

,J 

.94  

.92 

.90  

.aa 
0 .02  .oa .02 .04 .06 .oa 

Corrected seconda ry- to-pr i  ma r y  weight  flow rat io, (ws/wp) 

(c)  0-Percent p lug length w i t h  no i n t e r n a l  expansion. 

F igure 9. - Continued. 
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flow ra t io  of 0.015 a n d  open base. 

figure 9(c), it can be seen that flow ra tes  as high as (ws/W 
P
) d v= 0.08 would not

P 
produce the desired improvement. The E-D nozzle performance was better only at noz
zle pressure  ratios above the C-D nozzle design point. 

The effect of secondary flow on truncated plug and E-D nozzle base pressures  is 
shown in figure 11. Base pressure  ratio plotted as a function of corrected secondary-to
pr imary weight flow ratio is presented in figure l l(a) for the 0- and 10-percent plug noz
zles,  in figure l l (b)  for  the O-percent plug without internal expansion, and in  figure l l (c )  
for  the E-D nozzle. In the case of the truncated plugs, base pressure  increased signifi
cantly for  small  amounts of secondary flow, as was expected, and thus correlated with 
the observed increase in nozzle efficiency for small  flow rates .  However, base pressure  
for the E-D nozzle indicated little effect of secondary flow, except for an increase at high 
flow rates and nozzle pressure  ratios. 

Figure 12 presents a comparison of base pressures  for the truncated plug and E-D 
nozzles a t  a corrected secondary-to-primary weight flow ratio of 0.015 and corresponds 
to the comparison of nozzle efficiency presented in figure 10 for the same secondary flow 
rate. Base pressure ratio is plotted as a function of nozzle pressure  ratio, and symbols 
differentiate between the plug and E-D base pressures .  Dashed lines denote data for  
those configurations without secondary flow that are repeated from figure 8.  In general, 
this small ,  constant amount of secondary flow increased the truncated plug base pres 
su re  ratio by a constant amount, and the base pressures  were greater than ambient, in
dicating an increase in base thrust and nozzle efficiency. However, the E-D nozzle base 
pressure  was only slightly affected by the secondary flow, indicating little effect on the 
base thrust  and nozzle efficiency. 
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F igure 11. - Effect of secondary flow on t runcated p lug and expansion-deflection nozzle base pressures. 
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The effect of secondary flow passage geometry on nozzle performance is presented 
in figure 13.  Data were obtained from figure 9 for  ( W s / W o ) d vP = 0.015. It was 
shown that this small  amount of secondary flow increases the nozzle performance pr i 
marily through an increase in the base force. An additional increase in nozzle efficiency 
possibly may be achieved by increasing the momentum of the secondary flow through an 
increase in flow velocity. This increase was arbitrari ly accomplished by restricting the 
secondary flow passage with a perforated base plate (see fig. 4(b)). The ratio of the per 
forated base flow area to the open base flow area thus obtained was 0.20. The effect of 
this flow geometry is shown for  the O-percent plug without internal expansion, the 21
percent plug, and the E-D nozzle. Tailed symbols denote nozzle performance for  the 
perforated base, and plain symbols denote nozzle performance for the open base. The 
efficiencies of the perforated base plug nozzles were comparable with those of the open 
base. The efficiency of the perforated base E-D nozzle was either comparable with o r  
slightly less than that of the open base. Thus, for this small amount of secondary flow, 
the geometry of the secondary flow passage did not have a significant effect on nozzle 
performance. 

External Flow Effects 

On the basis of quiescent performance, the full-length plug nozzle and the truncated 
plug nozzles with internal expansion appear to be the most attractive concepts of those 
investigated for providing altitude compensation. Therefore, these configurations were 
tested to determine external flow effects. Nozzle performance was obtained in the 8 - by 
6-foot (2.44- by 1.83-m) supersonic w i d  tunnel at f ree-s t ream Mach numbers of 0.56, 
0.80, 1 .0 ,  1.37, and1.97.  

Measured nozzle performance with external flow is compared with quiescent perfor
mance, as well as with calculated external flow performance. The calculation procedure 
utilizes measured quiescent performance, which is corrected for boattail drag, lip drag, 
and overexpansion losses .  

Boattail drag is defined as the drag force on the boattail surface, and lip drag is de
fined as the drag force on the boattail base. Both drag t e rms  were obtained by integra
ting the pressure  forces measured at a given nozzle pressure  ratio and free-stream Mach 
number. Overexpansion losses  were determined for  the nozzle "apparent" pressure 
ratio (i. e. , the ratio of the nozzle total pressure to the lip pressure),  since overexpan
sion resul ts  from the fact  that, with external flow the nozzle expands to lip pressure 
ra ther  than to ambient pressure .  The following procedure was used to determine over
expansion losses: An internal thrust coefficient was calculated with the use  of the 

i quiescent thrust  coefficient and the ambient drag term,  
I 
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C Finternal = cFquiescent +(?)(&) 
The internal thrust coefficient was then plotted as a function of the nozzle pressure  ratio. 
This curve, not presented herein, was entered at the nozzle apparent pressure  ratio to 
determine the corresponding internal thrust coefficient with external flow. The correc
ted thrust coefficient, which now included overexpansion losses ,  could then be calculated 
from the following equation: 

1.00 i i i i i  I _1 '1
.98 I' 

Y 
.-

.96 ' I  
I I

I JrI 
External flow 

Y performa nce 
w
v)

2 .94 0 Measured 
5 0 Calculated-
G) 


9 
.92 i 1I I !  / ! ! I l l  !

I 
mL 


2 (a) Fu l l - leng th  i sen t rop ic  plug. (b) 21-Percent plug length. 

m 


E-
0 


.O_ 
I 

.98 escent PE 

A - tII w 1) 

I
i i

I '  
y_/j I 

.94 i l  I I I I I  

.92 - i i  
20 40 60 80 100 200 400 60( 300 1000 40 60 80 100 200 100 600 8001000 

Nozzle total- to ambient-pressure ratio, Pc/po 

U I I 1 I I 1 I I I I 
0 .56 . 8  1.0 1.37 1.97 0 .56 . 8  1.0 1.37 1.97 

Free-stream Mach number ,  M O  

(c) 10-Percent p lug  length. (d) 0-Percent plug length.  

F i g u r e  14. -Ex terna l  flow effects o n  nozzle performance w i t h o u t  secondary flow. 
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F igure  15. - E x t e r n a l  flow effects o n  nozzle 
performance w i t h  secondary flow a n d  open 
base. Corrected secondary-to-pr imary 
weight flow ratio, 0.015. 

C = (CFinternaJ at apparent
Fcorrected 

pressure ratio 

where po was the free-stream static pressure.  Finally, the nozzle efficiency with ex
ternal flow was calculated from 
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This nozzle efficiency is denoted by the solid symbols in figures 14 and 15, and the mea
sured nozzle efficiencies are denoted by the open symbols. 

The external flow effects on plug nozzle performance without secondary flow are 
shown in figure 14. Data for the full-length plug and for the 21-, lo - ,  and 0-percent 
plug lengths are presented in figures 14(a) to (d), respectively. The external flow per 
formance was less than the quiescent performance and varied in an oscillatory manner 
between sea level and Mach 1.0. In a later figure, this oscillation will be shown to re
sult from a variation in the relative significance of overexpansion losses  and drag ef
fects in this region of the trajectory. Above Mach 1 .0 ,  the external flow effects gradu
ally decreased, and the performance approached the quiescent performance. However, 
it is possible that at sufficiently high altitudes the billowing jet plume, due to the under-
expanded nozzle flow, could separate the flow over the boattail. Thus, the external flow 
performance could be greater than the quiescent performance as a result  of the increase 
in boattail pressure force.  

The calculated external flow performance generally agreed well with the measured 
performance. The trends in the curves were s imilar ,  and the magnitude of the nozzle 
efficiency generally agreed within 1percent. The calculated performance does not in
clude external model friction, which accounts in par t  for the difference between calcula
ted and measured efficiency. 

The external flow effects on nozzle performance with secondary flow a r e  presented in 
figure 15. The corrected secondary-to-primary weight flow ratio was 0.015. Data for 
the 21-, lo - ,  and 0-percent plug lengths are presented in figures 15(a) to (c), respec
tively. The variations in performance with trajectory conditions and the comparisons of 
calculated and measured performance were similar to those without secondary flow. 
Data were not obtained at Mach 0. 56; therefore, the trend in the curve for  Mach num
be r s  of less  than 0.8 is implied. 

In figure 16 is presented the generalized performance loss  due to external flow ef
fects, where performance loss  (expressed in percent of ideal thrust) is the difference be
tween the external flow performance and the quiescent performance. The performance 
loss for  the case of no secondary flow is presented in figure 16(a), as obtained from fig
u r e  14. In general, the maximum loss  in nozzle efficiency was approximately 2 .5  per 
cent and occurred a t  Mach numbers of 0 .5  and 1 .0 .  Thus, external flow effects are  small  
and confined to a limited part of the trajectory. 

The effect of secondary flow on the generalized performance loss  is shown in fig
u re  16(b) for a corrected secondary-to-primary weight flow ratio of 0.015, as obtained 
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F igure  16. - General ized performance loss due 
to ex terna l  flow effects. 

from figure 15. Thi figure hows that secondary flow reduced the magnitude of the per
formance loss,  in that the maximum value was reduced from 2.5 to 1 .75 percent. The 
data band is not complete a t  subsonic Mach numbers, since nozzle performance was gen
erally not obtained for  Mach numbers of less than 0.8.  

The variation of boattail drag, lip drag, and overexpansion loss  with free-stream 
Mach number is presented in figure 17 and is typical of all configurations. Drags and 
overexpansion loss  are expressed in percent of nozzle ideal thrust. The curves for boat-
tail and lip drag exhibited a typical transonic drag rise and peaked a t  Mach 1.0.  The 
maximum boattail d rag  was only 0.8 percent of ideal thrust ,  whereas the maximum lip 
drag was only 0.15 percent. The peak of the overexpansion loss,  however, occurred at 
Mach 0.5 and had a value of 0.425 percent. The occurrence of peak effects at differing 
Mach numbers would explain the oscillations in the curves fo r  external flow performance. 

SUMMARY OF RESULTS 

An experimental investigation was made of the performance of annular plug and 
expansion-deflection (E-D) nozzles, and included the effects of external flow at Mach 
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Figure 17. - Typical var ia t ion of boattail drag, 
l i p  drag, a n d  overexpansion loss, 

numbers ranging from 0.56 to 2.0. The effects of base bleed were also studied as well 
as geometry variations, which included plug length and nozzle internal expansion. The 
following results were obtained: 

1. The full-length plug nozzle provided a nearly constant and optimum quiescent per 
formance, whereas the E-D nozzle exhibited a performance only comparable with that of 
a 15°-convergent-divergent (C -D) nozzle. Thus, the plug nozzle was altitude compen
sating, whereas the E-D nozzle was not. Values of plug nozzle efficiency ranged from 
98.4 percent a t  sea level to 99 percent a t  the design pressure  ratio of 290. Efficiencies 
of the E-D and C-D nozzles, respectively, were 92.3 and 92.6 percent a t  sea level, and 
97.6 and 97.8 percent a t  the design point, 

2. Truncation of the plug nozzles with internal expansion to 21, 10, and 0 percent of 
the full plug length resulted in  decreased nozzle performance that varied, respectively, 
from 96.4, 95.3, and 94.9 percent at sea level to 98.3, 97.0, and 96.8 percent a t  the 
design point. Thus, the performance of the 21-percent-length plug nozzle was better 
than that of the -e- b nozzle, whereas the 0- and 10-percent plug nozzle per
formance was better than that of the C-D nozzle near sea level only. 

3. Secondary flow, in corrected amounts as small  as 1 . 5  percent of the primary 
flow, produced improvements a t  all nozzle pressure  ra t ios  in the performance of the 
truncated plug nozzles with internal expansion. Also, nozzle efficiencies were greater 
than o r  comparable with that of the C-D nozzle. The E-D nozzle, however, had better 
performance only at nozzle pressure  ratios above the design value of the C-D nozzle. 

4. The improvement in truncated plug nozzle performance with small amounts of 
secondary flow was primarily a result  of increased base pressure .  The tested geome
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tries of the secondary flow passage did not have a significant effect on nozzle performance 
for small  flow rates.  

5. Elimination of both the internal expansion and the externA plug surface, while the 
same design area ratio was maintained, resulted in poor nozzle performance, even with 
secondary flow. 

6. External flow effects were small  and confined to a limited par t  of the trajectory. 
The maximum loss  in  performance was approximately 2.5 percent of the ideal thrust and 
occurred below Mach 1.0. Secondary flow reduced the performance loss  to as little as 
1.75 percent of ideal thrust .  Substantial agreement was seen between measured plug 
nozzle performance and semiempirical predictions based on quiescent performance. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 4, 1967, 
128-31-11-03-22. 
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